In the well-perfused visceral organs, active flow occurs in most capillaries, and they are packed closely. In this situation, lateral diffusion equilibration is relatively rapid and the distribution of exchanging materials is governed chiefly by the permeability of the capillary walls. We modeled extravascular distribution of exchanging substances from this kind of capillary and illustrated the changes expected in the outflow profile with increasing permeability, the evolution from the barrier-limited to the flow-limited case. We then examined the two extremes of the assemblies of such capillaries in an organ. In one, the large-vessel transit times are constant and the capillary transit times account for the outflow distribution of the vascular reference substance; in the other, the capillary transit times are constant but the large-vessel transit times vary. The barrier-limited and flow-limited cases corresponding to these are very different. In the case intermediate between these two extremes, the transit times in both the large vessels and the capillaries in the organs vary. If the organ is functionally homogeneous, the distribution of capillaries supplied by each large vessel is the same, and the situation may be described by a product distribution. The formulation for this intermediate case may then be used both to quantify capillary permeability and to describe the distributions of largevessel and capillary transit times.
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• Physiologists have long used models of t i e exchange of materials in capillaries to provide a basis for interpreting experimental data and as a means of obtaining a quantitative description of the factors important in this exchange. This description is valid only so long as the model used is an accurate distances are large. We describe how the characteristics of the exchange vary as the permeability of the capillary to the indicator increases, and particularly examine the approach to the case in which the permeability becomes so large that the equilibration between intravascular and extravascular concentrations occurs at each point along the length. We then use this model of a single capillary in conjunction with two well-defined distributions of capillary transit times in an organ, which represent extremes in the possible spectrum, to demonstrate how these distributions contribute to the shapes of tracer outflow concentration curves for a "diffusible" substance (i.e., one which exchanges across the capillary walls) and for its appropriate reference substance (one which is distributed in the same phase of blood as is the diffusible indicator and which is confined to the vessels during its transit through the organ). We examine how the shapes of the outflow curves for diffusible substances change as we use indicator substances for which the capillary permeability is progressively greater. Finally we proceed from these cases to a more general model of the distribution of capillary and large-vessel transit times in well-perfused organs.
We have oriented the description of this modeling in such a fashion as to facilitate its use in the interpretation of the results of multiple indicator dilution experiments (2) . In these, a diffusible tracer and its reference are injected simultaneously and normalized outflow dilution curves are obtained. The results of our modeling will be directly applicable to such experiments if we assume that the displacements between the outflow patterns of the two substances result solely from the passage of a portion of the diffusible substance across the capillary walls into an extravascular space, where it sojourns for a while before returning to the capillary.
Lumped Models
Three lumped models of a capillary with varying permeability which have been quoted and used extensively in the past bear upon the present modeling and therefore deserve review and comment prior to formulation of the model we wish to present, a spatially distributed model of a capillary with limitation in permeability at the wall. In none of these has length been explicitly defined as a variable. In each case, therefore, the model has been defined by an ordinary differential equation.
1. Kety's Model-Kety treated as a single element a capillary together with the adjacent tissue with which the diffusible material exchanges (3) . Consider that Q r is the total amount of diffusible material in the region; F c is the flow of blood in the capillary; C a , C v , and C r are arterial, venous, and regional concentrations; and t is time. Then, by use of the Fick equation tit To calculate F c without measuring directly the rate of accumulation of material, Kety defines the unmeasured concentration, C r , in the region (the quotient of Q r and the volume of tissue including blood, V r ) to be'the product of the measured venous concentration and the average ([tissue including blood]/blood) partition coefficient V, i.e., This relation corresponds to the assumption that there is a single value for C r over the whole tissue region at any one time (i.e., nowhere in the tissue will there be concentration gradients). Equation 1 becomes, on substitution, a first-order ordinary differential equation and the outflow response to the sudden introduction of an amount of material q 0 is consequently defined to be
= W (3)
A substance confined to the vascular space will not behave like this. It will travel along the capillary with a finite velocity and will emerge after a transport lag (4) . Physically, the diffusible indicator can behave in the way described by equation 3, as a single "washout" with no appearance lag, only if there is instantaneous equilibration of the material dradtiion RuMrci, Vol. XXVII, Nortmbtr 1970 by guest on April 19, 2017 http://circres.ahajournals.org/ Downloaded from both along the length of the capillary and in the lateral direction { 5).
For oar present paper, the more pertinent part of tie Kety modeling is the attempt to deal with nonequiBforation. He introdraoed a new constant, *», defined as the exteot to which "equilibration" between blood and tissue is achieved, in such a manner that
The attempt to introduce a permeability phenomenon in this way is internally inconsistent with the implication of equation 2 that diffusion is everywhere instantaneous and that there exists a single C r . The use of the constant m cannot change the Kety model in any essential way. When the implications of restricted capillary permeability are considered in detail, it is apparent that diffusion equilibration cannot everywhere be instantaneous, and that to achieve a complete description of the system one must use a spatially distributed model, i.e., the equations must be partial differential equations. 2. Models of Renkin and of Crone.-These authors modeled the loss of diffusible material from a single capillary (6, 7), They assumed that diffusible material which had left the capillary was immediately and completely sequestered, so that none of it could return to the capillary lumen and that the rate of loss of this material was proportional to the remaining concentration at each point. From these assumptions they showed that In each case they applied the results of this final common equation to data acquired from whole organs, and the implicit assumption underlying this application is that the transit time through each capillary is the same. Renkin compared the concentrations of "K at the outflow from an isolated perfused muscle to that at its inflow during steady infusion. Crone, on the other hand, recognized that the dispersing characteristics of the circulation GrcvUaitm Kuitrcb, Vol. XXVll, Nortmitf 1970 through an organ are such that it is logical to compare the effloent concentrations of diffusible label with that of a siBac&aneously jwjeebed rafesraoe sntstaaea, as Cbsnard et al. (2) had done. To use the above r#krtio», he sat the outflow eonoefttratio* of ike fefereaoe substance equal to C m that of the diffusible substance equal to C and computed a value for extraction E (i.e., [C o -C]/C o ) for each sample; and from this using the equivalent form of equation 5,
IT'-(5A>
a value PS € for each sample. Crone expressed the opinion that material which did leave the capillary would return later in time (even though the return was not permitted in his modeling) and that consequently more reliable values for PS C would be obtained from the early parts of the curve, from appearance to peak, when the proportion of returning material would be expected to be small. He showed data on the brain in which the extraction was approximately constant in the region from appearance to peak (8) . More recently, Alvarez and Yudilevich (9) have tried to refine this comparison procedure by examining the ratio of the diffusible to reference substance over only the very earliest parts of the curves, i.e., by utilizing only the initial samples containing diffusible and reference substances. We shall examine the implications of these maneuvers during the development of our own modeling.
It is apparent that this model of permeability-limited distribution from a single capillary is not complete, since the return of material to the lumen has been neglected. We therefore formulate here a spatially distributed model of a capillary, which includes this return. Our model is not general in that we describe a special case, a capillary situated in a wellperfused organ.
longitudinal diffusion. Transport along the capillary is assumed to occur only as the result of bulk flow along the capillary. The capillary is assumed to be situated in a well-perfused organ, one with a dense capillary network in which there is flow in all of the capillaries. The half distance between the capillaries is assumed to be so small that the time for equilibration of the concentration of diffusible substance in the lateral direction is a negligible fraction of the time of transit along the capdkfy, i.e., that the diffusible substance in the extravascular space equilibrates virtually instantaneously in the lateral direction. There will therefore be considered to be no diffusion gradient in the extravascular space perpendicular to the capillary. It is to be noted that this model will have possible application only in the well-perfused visceral organs. It could not be applied to poorly perfused tissues, such as skin or resting skeletal muscle, where there must be a diffusion gradient in the extravascular space, because of the large intercapillary distances and the large number of capillaries in which there may be no flow.
Consider a capillary of length L in which blood flows with a velocity W, which is enfolded by an extravascular space and separated from it by a permeability barrier at the wall. Because of the assumed instantaneous lateral equilibration within the extravascular space, this permeability limitation will be the dominating feature of the model. Now let u(x,r)=the concentration in the capillary at some poart along the length x at time t; z(x,f) = the concentration in the extravascular space at some point along the length x at time t; A = the volume per unit length for the capillary; B = the volume per unit length for tiie extravascular space, A and B be constant along the length; We must now assume a rate equation describing the exchange of materials across the capillary wall. In the past this exchange has always been regarded as passive. More recently, Crone has demonstrated that in cerebral capfllaries initial tracer glucose efHux rates demonstrate a saturation phenomenon (10) , and that there is a stereospecificity of glucose efflux, the r>-isomer leaving at an appreciable rate, the L-isomer not leaving at all during one passage through the brain (personal communication). The possibility exists that a concentrative membrane carrier transport system will be described in a capillary in the future (11) . Both for this reason and for convenience in our later development, we have used two rate constants, a fci for efflux and a h s for influx. Using procedures analogous to those in reference 12 we find at = 0.
The assumption underlying the development of this equation is that the unidirectional flux is, in each instance,. proportional to the concentration rather than the amount of material in the compartment from which it originates. If the concentration dependence df influx and efflux is the same, and a stogie rate constant, k, can then be used in the kinetic description, equation Assume that into the initially empty capillary of length L a quantity of diffusible material is suddenly introduced at the time 0+ and at the end x = 0. Then (10) and We will now examine four cases:
I. fci = & 2 = 0 -This case corresponds to the appropriate reference substance, a substance which does not leave the capillary and is distributed in blood in the same way as is the diffusible substance.
The term exp (-sx/ W) introduces only a time The output from the end of the capillary is
The output is a damped wave, emerging at the time of transit of the capillary. The material which emerges at the outflow consists only of throughput material, material which has not left the capillary. Now let us examine the solution when the permeability notation has been used. Then
The ratio AL/T = F a , the flow rate through the capillary, and hence = ^e -y r S(t-r)
The following relation between the diffusible s'uhstance and the reference substance results, in this case:
served normalized outflow concentrations for the diffusible and reference substances (7) . The ratio of these concentrations, at the end where S(t -x/W) is a step function at time t = x/W, so that u(x,t)=0 for t<x/W. At the outflow from the capillary,
=^-e-^ S(t-r) + T(L,t),
where of a single barrier-limited capillary, is indeed exp< -FSJF e ), when none of the exchanging material returns to the capillary lumen. Note that ft may be difficult to apply the expression in this form to a dilution curve if the capillaries in the organ being examined vary in length and therefore in surface area. III. k x and £ 2 both finite.
Now expand the last term on the right, using Maclaurin's series. Then
The step function will be carried forward implicitly in the rest of the development but will not be written.
The first term on the right-hand side of equation 17A is an impulse function delayed by time T, and damped by exp( -fci/yr). The exponent in the damping factor is the product of the efflux rate constant ku the ratio of the volume of the extravascular space to the volume of the intravascular space, and the transport lag T. This first term is the solution to case II, and once again it represents material which has arrived at the outflow without traversing the capiHary barrier. The second term is an infinite series. It represents B(w) = frjre-kv hyk&IW •+ ...
Noting that the inverse Laplace transform
we find material which has left the capillary and later returned, and which then has emerged at the outflow. For the sake of brevity we shall call the first term a spike and the second term, T(L,t), a tail function. The tail function in equation 17A may also be transformed so that it includes a first order modified Bessel 
£
where h(y) is a modified first-order Bessel function, with argument y.
In the permeability notation -u(L,t)=& -8(t-r)
fa + ^r-< When the rate constants k t and k2 are small (i.e., when the permeability is relatively small), the tail function may be computed as in equation 17A or equations 18 and 19. In the latter case, the ordinary series definition of the Bessel function is adequate. However, when the rate constants &i and fc 2 are large and the value of the argument y in the Bessel function Ii(y) is greater than 12, these forms fail to converge quickly. The tail function is then best computed by using the asymptotic form of the Bessel function. For the convenience of the reader the two forms of the Bessel function are displayed below:
The model solved here has been examined by others. Sangren and Sheppard examined the same problem, and offered a solution (13) . Their final equation for the impulse response contains an error. Sheppard subsequently rectified this error in his book (14) and provided a solution which is reproduced by equations 17 and 18.
The physical implications of this model have not previously been elucidated. In the present paper three new aspects in particular are explored: the kinds of physiological situation in which the model may be applicable, the approach of the model to the flowlimited case as the permeability of the capillary is increased, and the use of the single capillary model in multicapillary modeling to provide a basis for examining the problem of whether the modeling can be used to interpret the data from multiple indicator dilution
experiments carried out in well-perfused Hence, as expected organs.
IV. fci and k 2 both approach infinity. --T^IT). (21) This asymptote of the barrier-limited permeability spectrum is the flow-limited case we described previously (4) . In this case the diffusible substance travels along the capillary as a delayed wave. Whereas the reference travels as an impulse with a velocity W, the diffusible substance travels as an impuke with the velocity W/ ( l + -^ .
Conservation of Matter in a Single
Capillary.-II our mathematical formalations are correct, we should be able to show from the analytical solution for the outflow concentration of the diffusible substance that the total amount of material leaving the system is q 0 .
The equation describing this is
Mean Transit Time along the Single Capillary, for Reference and Diffusible Substance.-Zierler, reasoning from the general approach of moments, has predicted that if all of the outflow curve for a diffusible substance is accessible experimentally, the volume calculated for that substance wiU represent its volume of distribution, aad this volume will be independent of the permeability of the capillary (15) . If our mathematical formulations are correct, the special case which we have studied will fulfill these requirements. The mean transit time through each capillary is defined to be, for each substance,
The denominator is seen on inspection to be qo. Hence, for the reference substance 
u(L,t) dt-F e f-f e^y S(t-r)° Jo
= q 0 e-^-rr + pf T(L,t) dt. Now f T{U) dt=f^^ X ^ff-ni f Jo ! ^i l ' Jt T(L,t) dt
ft T(t) dt=
Whence *««=*+=%; (24) The difference between the transit times of the diffusible and reference substances is kiyr/k2; in the passive case, when A = 1.0, and fci = k 2 , it is yr. The corresponding vascular volume of distribution V o is FOT; the pericapiUary extravascular volume of distribution, Pckiyr/k2; and in the passive case, where fci = Jt, and k 2 = fc/X, the latter is F^Xyr = BL, as expected. The calculated extravascular volume is independent of the permeability of the capillary for all cases other than zero permeability. The flow F o used to calculate this volume should correspond to the phase of distribution of the diffusible substance in blood. If it is plasma, F c should be a flow of plasma; and if it is blood water, F o should be a water flow.
Change in the Outflow Profile from the Single Capillary as Substances with Increasing Permeability are
Examined.-The outflow profile of a diffusible substance from a single barrier-limited capillary consists of a damped impulse function, which emerges at the capillary transit time T, followed by a tail function which is spread out in time. Prior to the time T, nothing appears at the outflow. The tail function is zero until the time T, becomes finite thereafter, and contains two major terms, a decreasing exponential exp( -k 2 t) and a first-order modified Bessel function, a function which increases progressively as the value of the argument increases. The area under the impulse function decreases, as dictated by the damping term, as a substance is introduced to which the capillary is more permeable.
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the tail function simultaneously increases, it is difficult to perceive how this function changes in form. We have therefore computed a series of numerical examples to illustrate this change in form. We have used two different values of the y ratio, 3.0 and 10.0; X is assumed to be 1.0 and fc i = k 2 -k. The value y = 3.0 corresponds roughly to that which would be found in a solid visceral organ for an extracellular substance such as sucrose; and the value y = 10.0 corresponds to the value for a substance such as labeled water, which would distribute into the total water of the organ. Capillaries with equivalent permeabilities are compared in these two instances, i.e., the damping factors in the first terms of equations 17 and 19, exp( -kiyr) and exp-(PS r /F c ), are made equal. In each pf the two corresponding cases fcxy = PS^/V o j and so when y is changed, kt is changed reciprocally to preserve the value of PS O /V C . When the capillary is a right circular cylinder of radius r, S c = 2TTTL, V e -irr^L, and k^y = 2P/r. Figure 1 illustrates the results of these computations. The top panels correspond to the case in which k = 0. The reference impulse emerges at the normalized transit time 1.0 with undiminished area and there is, of course, no tail function. In the lower panels the mean transit time of the diffusible substance is fixed by the value for y. When the major proportion of the outflow profile is localized to the spike, the tail function has a large dispersion and appears as a low magnitude single exponential with a large time constant. As the permeability is increased the proportion of the output emerging as the damped spike diminishes progressively until it becomes an insignificant fraction. by guest on April 19, 2017 http://circres.ahajournals.org/ Downloaded from function reshapes into a peaked function with less and less dispersion and finally asymptotes to the flow-lanited case, a spike of unit area, at the normalized abscissal time (1 + y ) . The time of tfce peak of the tail function is imperceptibly different from that of the initial spike until a preponderant part of the area is localized to the tail function. The peak then begins to shift to the right in time, to increase in magnitude, and to approach the position of the delayed impulse function.
TIME UNITS
In the experimental situation, if the permeability is very low, the low magnitude exponential tail function may not be easily resolvable and the outflow profile may appear to consist only of an impulse at the time r with area exp( -kiyr). Chinard et al., in their multiple indicator dilution studies in the kidney, observed low recoveries at the outflow of labeled albumin with respect to labeled red cells when they considered only the early extrapolated parts of the curves (16) . A mechanism such as the one we have just described may account for their observations when it is distributed over the whole labeled albumin dilution curve.
Form of the Concentration Profile within the Capillary and within the Extravascular
Space.-The outflow profile is the result of what has occurred previously in time along the length of the capillary. To gain some understanding of these events, it is appropriate to examine the concentration profiles within the capillary and the extravascular space. We must first develop an expression for z (x,t It is again di&cult to perceive the totm of these two profiles. To illustrate how these two profiles change as a function ot time we have competed a set of illustrative numerical examples (Fig. 2) . These demonstrate that when the rate constant is small, a major part of the material remains confined to the impulse function within the capillary and emerges at the outflow in the impulse function, i.e., it has not entered the extravascular space. The material which has left the capIHary emerges at the outflow as the tail reaction. When the rate coastant is much larger, tke loss from the intravasc^ar impulse function is so krge that the area under it becomes negBMe during its passage along the cspfllary. The exchanging material spreads into the ©xtravascular space and appears to move along toward the exit, both inside the capillary and in the extravasctdar space, with the passage of time. The extxavascular concentration profile for the exchanging material z(x,t) appears to fall behind tkat of the intravascular material u(x,t) in space. The mode of representation used (which neglects the direction normal to the length) is suitable because instantaneous lateral equilibration is assumed to occur within each compartment, i.e., no lateral concentration gradient is assumed to be present. The discontinuity between the intravascular and extravaseaktr concentratioa profiles is situated at the capillary barrier.
In the Sow-Emited case (where fci and feâ pproach infinity) the traasform ? ( x^) is obtained by substituting equation 20 into This is equal to the concomitant intravascular concentration. Therefore, in the flow-limited case the impulse propagates as a delayed wave which extends through both vascular and extravascular spaces.
If, at any time after injection, R<, (t) is the total remaining in the system, both within the capillary and within the extravascular space, the fraction of the material remaining is (17) . In contrast to that for the whole organ, the above expression for the single capillary is an idealized one, in that inflow and outflow channels have not produced delay in and distortion of the observed data.
The expression on the right is analogous to [1-H(t)] as defined by Zierler for a whole organ
Step Response of the Sing/e CapiUary.-When the input to the capillary is a step function, the output is the time integral of the impulse response. In the permeability notation, the output is the experimental results obtained by the multiple indicator dilution method is that of reoonoHiBg models of the distribution of diffasibi& substances in a siagle capSJary with data obtained as «*m»«teet ejtfUows from to deal with the problem in a preiimiDary maaaer by examiniag how variations in the distribution of capiflaTy transit times will affect the relation between a diffusible substance and a reference substance, when each capillary behaves in a barrier-limited fashion. To do this we assume temporary that the transfer characteristics of the larger vessels are such that they impose a simple transport lag on the observed pattern, with no distortion of the shape of the observed curve. This ideality cannot be true (18) , but it will be used for the present.
Many lands of distributions of capillary transit times are possible. For the purposes of the present study, three kinds are considered. Two well-defined cases, extremes in the spectrum, are examined first. In the initial case, the time spent in the large vessels is assumed constant and the distribution of outflow arrivals of the reference substance is assumed to result solely from varying Capillary transit times. In the second, the time spent in each capillary is assumed to be constant, and
When none of the extravascular tracer returns to the vessel, the first term, the step function of magnitude exp( -PSJF C ), emerging at the transit time r, represents the outflow profile. Renkin has utilized only this first term of the solution, in his interpretation of 42 K outflow profiles from isolated perfused skeletal muscles(6).
Multicopillary Modeling
One of the major problems in interpreting Circulation Rtstmcb, Vol. XXVII, Nwtmitr 1970 the distribution of outflow arrival times for the vascular reference is assumed to result from varying times spent in the large vessels. In the third, combinations of capillary and largevessel transit times are considered, and the first two cases are shown to be particular extremes of this more general case. We shall use compated illustrations to demonstrate the two extremes. For the purpose of this development and in the illustrations, we have assumed that X = 1.0. In this development we by guest on April 19, 2017 http://circres.ahajournals.org/ Downloaded from have assumed that each unit (capillary and its C(t) associated extravascular space) is relatively independent of its neighboring unit This may be a relatively realistic assumption for diffusfn ible substances whose extravascular space of distribution is the extracellular space. For substances entering cells freely, however, the assumption of infinitely rapid lateral diffusion in the extravascular space will interconnect the units in a complex manner. It is difficult to deal with this interconnection in the absence of specific knowledge of the spatial distribuThen = Q(t)/F, the concentration of label appearing at the outflow; and = the common time spent in large vessels or, alternatively, the common start time for capillary traversal, if all the large vessel transit times are placed at the beginning, for this analysis. = a, the total input to the system; NF t , = F , the total flow through the system; Q(t) = the quantity of label appearing attfeeoatflow/trane;
From this expression and our previous descriptions of the impulse response for a single capillary, we may now develop expressions for the outflow concentration-time profiles for the reference substance, for a substance undergoing barrier-limited distribution, and for a substance undergoing flow-limited distribution. Prior to this development, let us introduce a change of variables f = t -1 0 .
For the reference substance,
The shape of the outflow distribution for the reference substances arises from the distribution of capillary transit times. For the purpose of computing numerical illustrations, an arbitrary form closely approximating that found experimentally for indicator dilution curves, a random walk function (19) , has been chosen. This is used, in aH our illustrations, to describe the outflow profile for the reference substance. The form of the function is
The parameters which we have chosen for our illustrations are q = 1 (tiis is a uoit iBpaf notmafization); * a = 2.90 seconds; ^ = 4.00 urcb, Vol. XXVll, V«»>i> r1970 by guest on April 19, 2017 http://circres.ahajournals.org/ Downloaded from seconds; and x = 0.50 (this value yields a linear downslope to the curve, on a semilogarithmic plot). For the particular case being considered at present, a * o value of 3.00 seconds has been selected, so that the mean capillary transit time is 1.00 second, for the reference substance.
For a substance undergoing barrier-limited and its downslope decays faster. As P is increased, the proportion of the curve contributed by the second component increases, the peak of this component is higher, and its downslope decays more rapkliy. For a substance undergoing flow-Hmited distribution into an extravascular space distribution from the capillary lumen,
This is the case which we previously described
+ 4r(
The first term corresponds to throughput material and the second to material which has left the capillary and subsequently returned. The capillary lengths and transit times vary, and so the use of the permeability notation (PS O /F C ) is not suitable, since the parameter S o in this expression becomes larger for the longer capillaries. The appropriate way to introduce the permeability is to use the relations: k x y = 2P/r; and h = 2P/yr. It is evident that the magnitude of the damping factor in the first term increases progressively with the time of capillary transit.
In Figure 3 , we illustrate by a set of numerical examples the effect of increase in permeability on the two components of the outflow profile, throughput, and exchanging material. The throughput is not symmetrical to the curve for the reference substances on this semilogarithmic plot but departs progressively from it with time. For larger values of P, this first component becomes smaller and peaks earlier, The progressive change in shape of the curve for the diffusible substance, as the permeability is increased, is more easily evident in Figure 4 , where the ordinate is rectilinear. The curves corresponding to y -3.0 and y = 10.0 are displayed in the lefthand panels, for the present case, where the time spent in the large vessels is assumed to be constant, and the distribution of the outflow arrivals of the reference substance is assumed to be consequent to the distribution of capillary transit times. Similarly, the shape of the curve for a flow-limited substance changes progressively with changes in the value for y. This change, described by equation 29D, is illustrated in the upper panel of Figure 5 . The initial outflow delay increases, and the scaling factor producing diminution in magnitude and delay in the outflow increases, as y increases. limited description appears to have biological application: the liver (4, 20) , and the lungs (21) . In each case, the terminal unit of the anatomical exchange bed is an anastomosing labyrinth with probable concurrent flow. In the liver the labyrinth is three dimensional and in the lungs, two dimensional. The shape of the outflow dilution curve corresponds, in this instance, to the distribution of capillary start times, or large-vessel transit times. For a substance undergoing barrier-limited distribution from the capillary lumen, we find the reference substance (Fig. 6) . The exchanging component, the assembly of tail functions, is dispersed in time in a manner similar to that for the previous case. As the permeability value increases, the proportion of material in the throughput peak decreases, and that in the exchanging fraction increases. This outflow curve reproduces that of the reference curve in magnitude, but it is delayed in all parts by the time yt K . This asymptotic case differs completely from that for the case in which large-vessel transit times are constant but the capillary transit times vary. This behavior is demonstrated in the bottom panels of Figure 6 and in Figure 4 , in which a set of barrier-limited curves with differing permeabilities have been aggregated on one plot together with the appropriate reference and flow-limited extremes, both for y = 3.0 and y = 10.0. No bimodal curves are encountered in this set of barrier-limited curves. The continual time displacement of the outflow curve, which occurs in this flow-limited case as the value for y is increased, is displayed graphically in Figure 5 , where it contrasts strongly with the flow-limited case ki the instance in which outflow variation is the result of variation in the capillary transit times. No instance of this kind of flow-limited phenomenon (i.e., time displacement of the reference profile) has been observed biologically and the absence of sttch -observations teads one to suspect fkat tfee model has no baojogieal ooonterpart. The eMef interest of the present ease therefore iies in the use of uniform capillary or souroe-sink transit tines by other authors (3, 5-7, 9; 22) as the initial point from which they develop arguments relating to the interpretation of the manner in which permeability and diffosion phenomena contribute to the shaping of indicator dilution curves from whole organs. We have shown by illustrations that qualitative differences between this case, in which the capillary transit times are constant, and the first case, in which the large-vessel transit times are constant but the capillary transit times vary, do not become grossly apparent until the extremes, the asymptotic flow-limited cases, have been examined (compare Figures 3 and 6) .
Graphic representation of the data from dilution experiments has served as a basis for making quantitative inferences in the past. The lands of maaeuvers which have been used bear examination, in terms of the foregoing development. Three chief types of plots have been used.
A. Ratio-Time Curves (23) . The ratio C(t) m ,/C(t) nt is plotted against time. Figure 7 illustrates ratio curves corresponding to the two cases we have modeled, for y = 3.0. For the low permeabilities, the forms of the two kinds of curves are distinctly different. When the capillary transit times vary, the curves start at finite values between 0 and 1, decrease to a minimum, and then increase rapidly. When k 2 = 0, there are no tail terms, and the ratio becomes a falling exponential (broken lines). When the capillary transit times are constant, the ratio curve initially assumes a value between 0 and 1 and later increases rapidly. When k 2 -0, the ratio assumes a constant value, and the curve is simply a straight line. Curiously both kinds of curves, that with a minimum and that with no minimum, have been observed for the ratio C^K/ 13^-labeled albumin), in studies on the heart (9, 24) . In this particular case, a proportion of the labeled potassium is irreversibly removed from the extravascular space, and the later values of the ratio are lower than they would otherwise be (20 samples, so long as the outflow appearance is delayed with respect to the vascular reference substance, and then increases rapidly, as C(*)dift assumes finite values. The outflow delay leading to ratio curves of this sort has been observed in dilation curves obtained from the liver (4, 20 [C(t)rrf-C(0mtf]/C(0« ( is plotted against time. Crone has termed this expression the extraction. In the manner in which it is used here it is an instantaneous value and does not, in general, correspond to the steady-state extraction values used for the estimation of hepatic or renal blood flow, during continuous infusion. These latter values represent, in terms of our preceding development, the steady-state response of a system to a step input when a portion of the material is being irreversibly removed from the system (either because ^2 = 0 or because material is being removed from the extravascular space). This distinction must be kept clear, in the mind of the reader. Figure 8 illustrates instantaneous extraction-time curves, for the two cases we have modeled. Once again the two cases yield distinctly different kinds of curves for low permeability values. When the capillary transit times vary but the start times are the same (left-hand panels), the curves start between 0 and 1, rise to a peak, and then decrease sharply. When k2 = 0 and there are no tail terms, the ratio becomes a rising exponential (broken lines), which increases from its initial value to 1. When the capillary transit times are constant, the values remain fairly constant and then decrease rapidly. When k& -0, the extraction is osoe again constant, and the curve becomes a straight line. For high permeability values the curves, as expected,
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FIGURE 9
Log ratio-time curves. Figure 9 illustrates cases corresponding to the two cases we have analyzed. At low permeability values, there are characteristic differences. When the capillary transit times vary but the start times are the same (lefthand panels), the curve starts at a value greater than zero, rises to a peak, and then decreases. When k 2 = 0 and there are no tail terms, the curve becomes a rising straight line, with the slope kiy (broken lines). The initial values of the curve, for the case where k 2 is finite, asymptote to the broken line. When the Cirtulnio* Rntncb, Vol. XXVII, November 1970 capillary transit times are constant but the large-vessel transit times vary, the curve assumes an initial value and thereafter decreases below this value. When Jfcj = 0, the natural logarithm of the ratio is constant and the curve is a horizontal straight line. At high permeability values, the initial values are, in each case, infinite when there is an outflow appearance delay for the diffusible substance. The values decrease rapidly thereafter. 
n(t-t 0 ) dt B .
(33) distribution r(t 0 ) • n(LJW). This is appropriate only in organs in which there is regional homogeneity, from the structural and functional point of view (for example, the heart). The inference of the use of the product distribution is that, even though the large vessel wait times differ, the distribution of capillary transit times for each terminal elemeat of the vascular usk is the same. With its ase eqfuatron 31 becomes The profile may therefore be represented as a convolution integral of the distribution of start times and the distribution of capillary transit times.
Expressions for a barrier-limited substance and for a flow-limited substance may then be derived by substitution of the appropriate expression for the "single capillary effect" u( L,t -t n ) into equation 32. It may be possible to derive information from this more complex case with suitable experimental information. If a iow-limited substance is defined experimentally by the superimposition of the outflow curves of molecular species with markedly dtfEerettf diffusion constants, the corresponding expression may allow us to derive the distributions of large-vessel and capillary transit times. This information, in turn, will provide the means necessary to obtain, from the analysis of simultaneous outflow dilution curves for a barrier-limited substance, numerical estimates of the pertinent parameters. It appears appropriate to delay a complete examination of this case so that it may be presented with an analysis of a suitable set of experimental data. It should be noted that the foregoing development has a certain amount of generality. For example, under circumstances in which the flow is slow and the diffusible material is one for which the capillary wall presents no barrier, the "single capillary effect" might best be represented by the convection diffusion model of Perl and Chinard, in which longitudinal diffusion is appreciable.
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We have developed a model of the kinetic processes underlying the distribution of substances from a barrier-limited capillary in a well-perfused organ. We have developed, by use of this model, two extremes in the lands of distribution of transit patterns which might be expected in an organ. In one, the large-vessel transit times are considered constant, and the capillary transit times are considered to produce the form of the outflow distribution pattern for the vascular reference. The liver and the lung may belong predominantly to this pattern. In the other, the capillary transit times are considered" constant, and the largevessel transit times vary. No biological instance corresponding to the profile predicted for the flow-limited extreme of this model (in which no intercapillary connection is assumed) has been found. Most organs appear to belong to an intermediate category, in which there is variation in both capillary transit times and large-vessel transit times. It will be possible to analyze data by use of this Circulation Resctrch, Vol XXVII, K r n r t i r 1970 more general pattern and to gain useful information.
